Disruptions in the regulatory pathways controlling sex determination and differentiation can cause disorders of sex development, often compromising reproductive function. Although extensive efforts have been channeled into elucidating the regulatory mechanisms controlling the many aspects of sexual differentiation, the majority of disorders of sex development phenotypes are still unexplained at the molecular level. In this study, we have analyzed the potential involvement of Wnt5a in sexual development and show in mice that Wnt5a is malespecifically upregulated within testicular interstitial cells at the onset of gonad differentiation. Homozygous deletion of Wnt5a affected sexual development in male mice, causing testicular hypoplasia and bilateral cryptorchidism despite the Leydig cells producing factors such as Hsd3b1 and Insl3. Additionally, Wnt5a-null embryos of both sexes showed a significant reduction in gonadal germ cell numbers, which was caused by aberrant primordial germ cell migration along the hindgut endoderm prior to gonadal colonization. Our results indicate multiple roles for Wnt5a during mammalian reproductive development and help to clarify further the etiology of Robinow syndrome (OMIM 268310), a disease previously linked to the WNT5A pathway.
INTRODUCTION
In mammals, adult reproductive capacity hinges on gonadal differentiation during fetal life, with the development of testes and ovaries in male and female embryos, respectively. The gonads themselves carry out two specific functions. First, they nurture diploid germ cells and later facilitate the production of haploid gametes. Second, they produce sex-specific hormones to direct development toward the adult sexual phenotypes (reviewed in Wilhelm et al. [1] ).
The germ cells originate from outside the gonads [2, 3] . In the mouse, they first appear as a cluster of cells at the base of the allantois at 7.2 days postcoitum (7.2 dpc) and are commonly referred to as primordial germ cells [4, 5] . At early head-fold stage (;7.75 dpc), the primordial germ cells start to disperse and are incorporated into the endoderm (future hindgut). From this stage, they start to migrate along the hindgut before exiting into the hindgut mesentery from ;9.5 dpc, and they finally start to colonize the genital ridges at ;10 dpc [6, 7] .
Initial incorporation of primordial germ cells into the endoderm relies on passive movement during tissue growth, whereas migration along the hindgut appears to be an active process governed by signal transduction mechanisms. At least two chemokine signaling pathways have been implicated in primordial germ cell hindgut migration: the ligand-receptor pairs Kitl/Kit (Kit ligand, also known as Steel/Kit oncogene, also known as c-Kit) and Cxcl12/Cxcr4 (Chemokine C-X-C motif ligand 12/Chemokine C-X-C motif receptor 4) [8] [9] [10] . Null mutations in any of these genes lead to a failure of primordial germ cells to properly colonize the genital ridges. Null-mutant mice for either Foxc1 (Forkhead box C1) or Lhx1 (Lim homeobox protein 1) also show a similar primordial germ cell phenotype [11, 12] , pointing toward a complex network of genes involved in primordial germ cell migration.
Independent of primordial germ cell specification and migration, the genital ridges first appear at around 10 dpc in the mouse. At this early stage they are regarded as bipotential because they can differentiate into either testes or ovaries depending on genetic cues. During normal development, testis differentiation is initiated by the expression of the Y-linked gene Sry (Sex-determining region of chromosome Y) in XY genital ridges, whereas in the absence of Sry, as in XX genital ridges, ovarian differentiation is initiated by activation of key factors such as Wnt4 and Rspo1 (reviewed in Wilhelm et al. [1] ).
The genetic networks driving testis and ovary differentiation both involve a large number of signaling molecules, receptors, signal transduction systems, and transcription factors. Among the many pathways involved in sexual differentiation, WNT (Wingless) signaling has emerged as a critical driver of sexually dimorphic gonad development. Canonical WNT signaling is known to play a particularly important role in female reproductive development, with Rspo1 (R-spondin homolog), Wnt4 (wingless-related MMTV integration site 4), and Ctnnb1 (encoding b-catenin) all necessary for normal ovary differentiation in mammals, including mouse and human [13] [14] [15] [16] . In contrast, silencing of this pathway in XY genital ridges appears to be required for proper testis differentiation, because ectopic activation leads to ovarian development in XY mice [14, [17] [18] [19] .
Other members of the WNT family have also been reported to be dimorphically expressed during early gonad differentiation [20] [21] [22] [23] , but their function in gonadogenesis remains unclear. One of these is Wnt5a (wingless-related MMTV integration site 5A): one study has reported Wnt5a expression specifically in XX gonads [21] , whereas another indicated expression in both XX and XY gonads [20] at early developmental stages.
Wnt5a is known to regulate a wide range of developmental processes, such as directing cell migration during pancreatic development [24] and secondary palate fusion [25] , axon branching and guidance during neurogenesis [26, 27] , and prostate differentiation [28] . In general terms, Wnt5a appears to be a key regulator of morphogenetic movement, signaling through several noncanonical pathways, including the cell polarity and calcium-dependent signaling pathways, and via the orphan tyrosine kinase receptor, Ror2 (Receptor tyrosine kinase-like orphan receptor 2; reviewed in McDonald and Silver [29] ).
Wnt5a has also been linked to the regulation of secondary sexual development. Wnt5a À/À male mice display abnormal gubernacular development and transabdominal testicular descent [30] . Interestingly, similar phenotypes are also observed in Sfrp1/Sfrp2 (secreted frizzled-like protein-1 and -2) double mutant mice and in Lp (looptail) mice that have mutations in Vangl2 [30] . Because all four of these factors have been implicated in noncanonical WNT signaling, it appears that they are all components of a male-specific signaling pathway driving male sexual development.
In humans WNT5A was recently linked to Robinow syndrome (OMIM 268310) [31] , a rare genetic disorder normally associated with mutations in ROR2 [32, 33] . Robinow syndrome patients display a wide variety of phenotypes, including shortened limbs (dwarfism), craniofacial dysmorphology (''fetal face''), and genital hypoplasia [34] [35] [36] . Interestingly, mouse loss-of-function phenotypes of Wnt5a and Ror2 are very similar, and both grossly resemble those observed in Robinow syndrome [37] .
Although the genital hypoplasia phenotype in Robinow syndrome is poorly characterized at the molecular level, we noted that the most common reproductive phenotype is hypoplastic external genitalia, with male patients frequently displaying micropenis, and also cryptorchidism [38] . Therefore, we sought to explore further the involvement of Wnt5a during fetal sexual differentiation and report an XY-specific expression pattern during gonadogenesis. We show that loss of Wnt5a leads to testis hypoplasia and, as previously reported [30] , a failure to complete the first phase of testicular descent. Additionally, the Wnt5a homozygous mouse gonads display a significant reduction in germ cell numbers in both sexes as a result of abnormal migration prior to gonadal colonization.
MATERIALS AND METHODS

Animals
Mouse embryos were collected from timed matings of the CD1 outbred strain, the Kit W-e (W e /W e ) mutant inbred strain, and Wnt5a mutant (B6;129S7-
) strain, with noon of the day on which the mating plug was observed designated 0.5 dpc, and with additional assessment by hindlimb morphology. Sex of embryos at 11.5 dpc or younger was determined by Ube1 genotyping [39] and at later stages by morphological assessment of the gonads. Protocols and use of animals were approved by the Animal Welfare Unit of the University of Queensland, which is registered as an institution that uses animals for scientific purposes under the Queensland Animal Care and Protection Act (2001).
RNA Extraction, cDNA Synthesis, and Quantitative Real-Time RT-PCR Embryonic gonads were dissected from embryos in PBS and total RNA isolated using the Qiagen RNeasy Mini (Fig. 1A) or Micro kits (Figs. 1B, 2C , 3C, and 4D), including on-column DNaseI treatment. For data presented in Figure 1A , gonads from sexed CD1 embryos were pooled at three to five pairs per biological replicate prior to total RNA extraction. For data presented in Figures 1B, 2C , 3C, and 4D, single gonad pairs from genotyped embryos represent one biological replicate and were used for total RNA extraction. Synthesis of cDNA was performed with SuperScript III (Invitrogen) and random primers (Promega) as per the manufacturer's instructions, with 500 ng of total RNA used as input. Quantitative real-time RT-PCR (qRT-PCR) reactions were analyzed on an ABI 7900HT sequence detector system (Applied Biosystems) in 5-ll reactions containing 2.5 ll of SYBR green PCR master mix (Applied Biosystems), 150 nM each forward and reverse primers, and 0.1 ll of cDNA. Cycling conditions were: 40 cycles of 958C for 15 sec and 608C for 1 min in a two-step thermal cycle, preceded by an initial 10-min step at 958C. Sdha (Succinate dehydrogenase complex, subunit A, flavoprotein) and Rps29 (Ribosomal protein S29) were used as normalizing genes and have previously been verified as stably expressed in the tissues examined [40] . The qRT-PCR experiments were performed in triplicate reactions and repeated at least three times on independent biological samples. Relative transcript abundance was calculated using the 2 ÀDCt method. For data presentation, mean 6 SEM was calculated from the independent biological replicates and statistical significance determined by unpaired (two-tailed) Student t-test. All primer pairs used in this study are listed in Table 1 .
In Situ Hybridization
Embryos and dissected gonad-mesonephros complexes were fixed in 4% paraformaldehyde (PFA) in PBS before in situ hybridization (ISH) assays. Whole-mount ISH with digoxygenin-labeled RNA probes was carried out essentially as described previously [41] . Section ISH was carried out on 7-lm sagittal sections from paraffin-embedded embryos as described previously [42] . Hybridization signals were visualized using the BM Purple AP substrate solution (Roche). A 700-bp fragment of mouse Wnt5a transcript (NM_009524; region 643-1342) was PCR cloned from cDNA synthesized from fetal mouse tissue using the primer pair ishWnt5a.F, 5 0 -AAGCCCATTGGAATAT TAAGCCCG; and ishWnt5a.R, 5 0 -CATCTGCCAGGTTGTATACTGTAGC as described previously [22] . The amplified fragment was subcloned into pGEM T-Easy vector (Promega). The ISH probes were generated from linearized plasmid and T7 RNA polymerase.
Western Blot Analysis
Gonad pairs without mesonephroi from three embryos of each genotype (Wnt5a þ/þ and Wnt5a
) were pooled and lysed in Laemmli buffer, sonicated, and heat denatured. Western blot analysis was performed using standard protocols with the following antibodies: 1:200 anti-AMH (sc-6886; Santa Cruz 
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Hematoxylin and Eosin Staining
Paraffin-embedded embryos were sagittally sectioned at 8 lm, dewaxed, rehydrated, and then briefly stained with Harris hematoxylin solution before being washed extensively in water. Slides were briefly incubated in 0.005% HCl and washed in water before being briefly incubated in 0.1% LiHCO 3 solution. Slides were then washed in water and dehydrated to 80% ethanol, briefly stained with Eosin Y solution (Sigma), and washed in 100% ethanol, then xylene, before being mounted in xylene-based mounting media and imaged using an Olympus BX-51 microscope.
Measurements of Gonad Size
Gonads from Wnt5a and W e /W e mutant embryos and respective control littermates were dissected at 13.5 dpc and fixed in 4% PFA. Photographs of whole gonads were taken using an Olympus SZX12 microscope fitted with a DE PLAPO1.2 3 PF2 lens, at 903 magnification. Longitudinal cross-sectional area measurements were performed on TIFF images using Image Software (U.S. National Institute of Mental Health).
Bromodeoxyuridine Labeling and Immunofluorescence Staining
Pregnant females were injected intraperitoneally with bromodeoxyuridine (BrdU) 1.0 ml per 100 g of body weight (Zymed Laboratories, Invitrogen). Animals were killed after 1 h, and embryonic gonads were dissected in PBS. Tissues were fixed in 4% PFA, dehydrated, and embedded in paraffin wax. Serial sections of 7 lm were mounted on silane-coated glass slides. Immunofluorescence detection of BrdU was carried out as described previously [44] using purified mouse anti-BrdU monoclonal antibody (555627; BD Bioscience).
Immunostaining
All immunostaining experiments were carried out on 7-lm sagittal or transverse sections from paraffin-embedded embryos that had been fixed at 48C overnight in 4% PFA/PBS as described previously [45] . Immunohistochemistry 
In Situ Labeling of Nuclear DNA Fragmentation
Cell death (apoptosis) was detected by the modified terminal deoxynucleotidyl transferase (TdT)-mediated dUTP biotin nick-end labeling (TUNEL) using an in situ cell death detection kit (11684795001; Roche) as per the manufacturer's instructions. Briefly, sections were dewaxed and rehydrated, then permeabilized with proteinase K treatment prior to the application of the TUNEL reaction mixture. Sections were incubated at 378C for 1 h. Cell nuclei were counterstained with DAPI. As a positive control, tissue sections were pretreated with DNase I (Sigma) at 378C for 20 min before incubation with TUNEL reaction mixture. Green fluorescence-reactive products were observed in all of the nuclei in these sections. Negative control sections were incubated in each solution omitting the addition of TUNEL reaction, and no positive reaction was demonstrated in the nuclei.
Germ Cell Staining, Localization, and Counting
Germ cells were stained for alkaline phosphatase (AP) activity as described previously [47] . Preparation of 7.5-dpc embryos for whole-mount AP staining was performed as described previously [48] . Following fixation in 4% PFA, embryos were mounted on histological slides and imaged using an Olympus BX-51 microscope equipped with an UPlanSApo 203/0.75 lens. For serial sections, embryos were transected at the level of forelimb and hindlimb buds, processed, and paraffin embedded as described previously [47] . Serial sections were performed at 8-lm thickness to include the whole gonad, at approximately 100 sections per embryo. Images of AP-positive germ cells, both whole mounts and sections, were counted using ImageJ (National Institutes of Health). In addition, germ cells were identified on 8-lm serial sections of embryos at 10.5 dpc using immunofluorescence staining for anti-POU5F1. Data presented in Figure 5B represent three unsexed embryos of each wild-type and Wnt5a À/À genotype.
RESULTS
Wnt5a Is Specifically Upregulated in the Testis Interstitium at the Onset of Gonadal Sex Differentiation
As a first step toward characterizing the involvement of Wnt5a during sexual development, we performed qRT-PCR and whole-mount ISH to profile the expression in gonads of both sexes around the time of sex determination and early gonad differentiation. By qRT-PCR (Fig. 1A) , Wnt5a mRNA was found to be specifically upregulated in the testis from around 12.5 dpc. Peak transcript abundance was reached by 13.5 dpc, after which time relative mRNA levels remained stable. In contrast, only low levels of mRNA were detected between 10.5 and 15.5 dpc in the ovary. Also, we analyzed Wnt5a mRNA levels in germ cell-depleted W e /W e testes [49] at 13.5 dpc. In the absence of germ cells, Wnt5a expression was reduced, but not by a statistically significant amount (Fig. 1B) . Compared with the complete loss of the germ cell marker Ddx4 (DEAD box polypeptide 4), the maintenance of Wnt5a expression is consistent with gene activity exclusively or predominantly in somatic cells of the gonad (Fig. 1B) .
The sex-specific expression pattern of Wnt5a was further confirmed by whole-mount ISH, with hybridization signal observed specifically in testes from 12.5 dpc onward (Fig. 1C) . Wnt5a expression was not localized to testis cords, but was more widespread. Furthermore, hybridization signal was consistently stronger at the ventral (that is, antimesonephric) side than the dorsal (mesonephric) side of the differentiating testis. Wnt5a mRNA was, however, uniformly detected along the anteroposterior axis.
To further define the cell-specific expression of Wnt5a in the developing testis, we performed sagittal section ISH experiments on 13.5-dpc testes. Strong Wnt5a mRNA expression was detected in the testicular interstitium ( Fig.   FIG. 2 . Wnt5a-null mice display bilateral cryptorchidism. A) Explanted 16.5-dpc urogenital systems of Wnt5a þ/þ and Wnt5a À/À littermates. A, adrenal; K, kidney; T, testis. Bar ¼ 1 mm. B) Whole-mount ISH for Wnt5a on wild-type male urogenital system at 15.5 dpc. Right panel shows higher magnification of testis (T), vasa deferentia (arrowheads), and the gubernacular region (arrow). Bar ¼ 500 lm. C) The qRT-PCR analysis of marker gene expression in 16.5-dpc wild-type (þ/þ) and Wnt5a mutant (À/À) testes. Expression levels are shown relative to Sdha, with wild-type mRNA abundance set to 100% (n ¼ 3; mean 6 SEM; *P , 0.05).
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1D, left panel), but not within the testis cords (Fig. 1D,  arrowheads) . Staining was most intense at the ventral side, decreasing in expression towards the dorsal side, confirming results obtained by whole-mount ISH. We next costained the Wnt5a ISH samples with IHC using antibodies against the Leydig cell marker HSD3B1 (Hydroxyl-delta-5-steroid dehydrogenase 3-beta and steroid delta isomerase-1), germ cell marker DDX4, endothelial cell marker IB4 (Isolectin B4), and Sertoli cell marker AMH (anti-Müllerian hormone; Fig. 1D , right panels). We did not detect any Wnt5a expression in DDX4-or AMH-positive cells (Fig. 1D) . Although the Wnt5a-expressing cells were clearly interstitial, they only partially overlapped with the HSD3B1-expressing Leydig cell population and the IB4-positive endothelial cell population (Fig. 1D) , suggesting additional expression in a broader range of interstitial cell types not fully defined by available markers.
Wnt5a-Null Male Mice Fail to Support Transabdominal Testicular Descent
A previous study reported that Wnt5a-null mice fail to complete testicular transabdominal descent [30] . We analyzed the genitourinary system of 16.5-dpc embryos using light microscopy and, as expected, the testes of Wnt5a À/À embryos localized close to the kidneys, compared with a more posterior position in the wild-type embryos ( Fig. 2A) .
At 15.5 dpc, the gubernaculum in Wnt5a À/À male embryos has been shown to retain expression of the marker gene Rxfp2 (Relaxin/insulin-like family peptide receptor 2; commonly known as Lgr8), but the gubernacular bulb fails to develop properly [30] . It has been suggested that Wnt5a may be active in the developing gubernaculum or surrounding tissues such that cryptorchidism results when WNT5A function is ablated [30] . To establish whether Wnt5a is expressed in the Wnt5a IS NECESSARY FOR GERM CELL MIGRATION developing gubernaculum, we performed whole-mount ISH on the urogenital system of 15.5-dpc wild-type embryos. In addition to strong signal detected in the testes, Wnt5a mRNA also localized to the vasa deferentia, but no discernable expression was detected in the gubernacula (Fig. 2B) . These results suggest that WNT5A is likely to act on receptors expressed in the gubernacula but is secreted by neighboring tissues.
Because Wnt5a expression persisted in the testis at later developmental stages, and in view of the cryptorchid phenotype, we also analyzed 16.5-dpc wild-type and mutant testes by qRT-PCR for specific cell lineage markers. We detected no difference in mRNA levels of the Sertoli cell markers Sox9 and Amh between wild-type and mutants (Fig.  2C) . Conversely, the Leydig cell markers Cyp11a1 (Cytochrome P450, family 11, subfamily a, polypeptide 1) and Insl3 (Insulinlike 3) both appeared elevated in the Wnt5a À/À testes, whereas Hsd3b1 expression was unaltered. Strikingly, the germ cell markers Pou5f1 (POU domain, class 5, transcription factor 1) and Ddx4 were both significantly lower in the Wnt5a À/À testes compared with wild-type littermates (Fig. 2C) .
Loss of Wnt5a Disrupts Fetal Testis Development
Under light microscopy, the Wnt5a-null testes were markedly smaller compared with wild-type littermates already at 13.5 dpc. An apparent shortening of the anteroposterior axis was observable, but other structures, such as coelomic surface blood vessel and testis cords, appeared grossly normal (Fig.  3A , top and middle panels). However, under higher magnification, the testis cords appeared to contain fewer germ cells in Wnt5 À/À testis than wild-type littermates (Fig. 3A , bottom panels). To characterize the mutant testes further, additional 13.5-dpc testis sections were analyzed by ISH for the Leydig cell marker Cyp17a1 (Cytochrome P450, family 17, subfamily a, polypeptide 1) and costained for expression of the germ cell , n ! 6; mean 6 SEM; **P , 0.01; ***P , 0.001). B) The BrdU staining (green) on 13.5-dpc Wnt5a þ/þ and Wnt5a À/À testes counterstained with germ cell marker DDX4 (red) and DAPI (blue). Bar ¼ 200 lm. C) Quantification of germ cell (GC) and somatic cell (SC) proliferation in 13.5-dpc wild-type versus Wnt5a À/À testes (n ¼ 3; **P , 0.01). D) The qRT-PCR analysis of marker gene expression in 11.5-dpc wild-type and Wnt5a À/À from XY (left) and XX (right) embryos. Expression levels are shown relative to Sdha, with wild-type mRNA abundance set to 100% (n ¼ 3; mean 6 SEM; *P , 0.05; **P , 0.01).
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marker DDX4 (Fig. 3B, top panels) . In support of the qRT-PCR analysis of 16.5-dpc testes (Fig. 2C) , germ cells appeared less abundant in Wnt5a À/À samples at 13.5 dpc compared with wild-type littermates (Fig. 3B) . Also, as assessed by Cyp17a1 ISH, Leydig cells were denser in Wnt5a À/À testis interstitium compared with wild type.
Additional experiments revealed normal Sertoli cell distribution and formation of testis cords by SOX9 immunostaining, but the testis cords appeared smaller and to occupy a smaller proportion of testicular space in Wnt5a-null testes; that is, the relative proportion of interstitial space was greater in mutant testes relative to wild-type (Fig. 3B, middle panels) . Immunostaining with POU5F1 further confirmed a loss of germ cells in the Wnt5a-null testes at this stage (Fig. 3B, bottom panels) .
Next, qRT-PCR assays were performed on 13.5-dpc testes to compare gene expression between wild-type and Wnt5a mutant embryos (Fig. 3C) . As was the case at 16.5 dpc, no significant differences in transcript abundance of the Sertoli cell markers Sox9 and Amh were observed at 13.5 dpc. Also, although Insl3 mRNA levels appeared slightly elevated in Wnt5a À/À testes, the three Leydig cell markers Cyp11a1, Hsd3b1, and Insl3 were not significantly different between wild-type and mutant samples at 13.5 dpc. Conversely, expression of the germ cell markers Pou5f1 and Ddx4 was reduced to less than 50% of wild-type levels. These results À/À embryos (n ¼ 3; mean 6 SD; *P , 0.05; **P , 0.01). C) Late gastrulae stage (7.5 dpc) wild-type and Wnt5a À/À embryos stained with AP, showing posterior region and allantois (arrows) Bar ¼ 100 lm. D) Total germ cell numbers of 7.5-dpc wild-type (blue), heterozygous (red), and homozygous (green) Wnt5a mutant embryos (n ¼ 4).
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were also corroborated by Western blot analysis on protein extracts from 13.5-dpc wild-type and Wnt5a À/À testes using antibodies against AMH, HSD3B1, and DDX4 (Fig. 3D) . On the protein level, only DDX4 was markedly reduced relative to the quantitative marker TUBA1A (Tubulin, alpha 1A).
Based on these results, we next sought to determine whether the decrease in testis size observed in Wnt5a-null embryos was due solely to a reduction in germ cell numbers, or if there was a more generalized effect related to the somatic lineages. For this purpose, we first made use of the germ cell-depleted W e /W e testes [49] . In these mutant mice, the testis soma develops normally, but testes are smaller than those of wild-type littermates. Therefore, we reasoned that the testis size of W e / W e embryos should be smaller in size compared with their littermates than those of Wnt5a À/À embryos, because the former has lost all germ cells, but the latter has lost only around 50% of the total germ cell pool. However, upon measuring the size of wild-type and mutant testis samples from both mouse lines, the Wnt5a À/À testes proved to be more severely affected; that is, the average longitudinal cross-sectional areas of the W e /W e testes were ;75% that of control, whereas the sizes of the Wnt5a À/À testes were ;55% that of control (Fig. 4A ). Next, we analyzed whether somatic and/or germ cell loss was caused by either an increase in apoptotic events or a decrease in cell proliferation. We observed normal levels of apoptosis in 13.5-dpc Wnt5a À/À testes by TUNEL assay (data not shown). Assessing proliferation by BrdU incorporation at the same developmental stage, no significant decrease in proliferation rate was observed in the remaining germ cells of Wnt5a À/À testes compared with wild-type littermates (Fig. 4, B and C) . However, we did observe significantly decreased proliferation of somatic cells in Wnt5a À/À testis (Fig. 4C) , corresponding with the hypoplastic phenotype. Hence, testis hypoplasia caused by loss of Wnt5a also involves a general reduction in somatic cells in addition to reduced germ cell numbers.
Because we found no difference in either apoptosis or proliferation of germ cells in the mutant testes at 13.5 dpc, we analyzed marker gene expression in 11.5-dpc genital ridges of both sexes to determine whether germ cells are lost prior to or after the initiation of Wnt5a expression. By qRT-PCR, Nr5a1 (Nuclear receptor subfamily 5, group A, member 1, marking somatic cells in both sexes) was unaltered between wild-type and Wnt5a À/À samples. However, the germ cell markers Ddx4 and Pou5f1 were significantly reduced in genital ridges of both sexes at 11.5 dpc (Fig. 5D) . Hence, germ cell numbers are reduced in both XY and XX genital ridges before Wnt5a is expressed in the developing testis, indicating extragonadal Wnt5a function on migrating germ cells.
Loss of Wnt5a Disrupts Early Germ Cell Migration
Because primordial germ cells evidently proliferate normally and evade apoptosis once they arrive in the genital ridges of the Wnt5a À/À embryo, but germ cell numbers are significantly reduced already by 11.5 dpc, we decided to explore two possible explanations: 1) that germ cells fail to migrate correctly from the base of the allantois to the genital ridges between 7.5 and 10.5 dpc, and/or 2) that loss of germ cells is a consequence of the early posterior truncation defect that is known to affect Wnt5a mutant embryos [36, 50] .
To distinguish between these two possibilities, we first visualized the distribution of germ cells at 10.5 dpc on transverse sections by immunostaining with the germ cell marker POU5F1 and costaining for CDH1 (Cadherin 1; also known as E-Cadherin) to demarcate the gut epithelium (Fig.  5A, top panels) , and also AP staining for additional germ cell staining (Fig. 5A, middle and lower panels) . At 10.5 dpc, the period when the majority of germ cells migrate out of the hindgut through the dorsal mesentery and into the genital ridges, we observed a number of germ cells in Wnt5a À/À embryos localizing ectopically in the gut mesenchyme (Fig.  5A, arrowheads) , and also germ cells in the developing skin away from the normal migratory route (Fig. 5A, arrows) . These anomalies were quantified by counting serial transverse sections of wild-type and Wnt5a À/À embryos at 10.5 dpc (Fig. 5B) . At this developmental stage, ;73% of germ cells in the wild-type embryos had reached the genital ridges (illustrated in Fig. 5A , lower left panel), with ;22% in the near mesentery (the narrow mesenteric region closest to the genital ridge) and ;3% remaining in the mesentery. In the Wnt5a À/À embryos (illustrated in Fig. 5A , right panels), only ;18% of the total germ cell pool had reached the genital ridges, but a high proportion were found to be retained in either the hindgut (;56%) or other ectopic localizations, including in the developing skin (;19%).
We also analyzed the germ cell population at 7.5 dpc to determine whether the reported posterior truncation of Wnt5a À/À embryos also would affect germ cell numbers. At late bud stage (;7.5 dpc), Wnt5a mutant embryos already showed morphological differences compared with wild-type littermates, with the allantois retarded and the posterior region appearing wider (Fig. 5C, arrows) . However, by counting total germ cell numbers at 7.5 dpc, we observed no significant differences between the three genotypes Wnt5a
, and Wnt5a À/À (Fig. 5D ). Taken together, these results show that loss of Wnt5a does not affect primordial germ cell specification, but instead leads to aberrant migration.
DISCUSSION
WNT signaling is indispensable for embryogenesis throughout the animal kingdom. It is involved in a range of morphoregulatory pathways, including cell proliferation and differentiation, cell migration, and establishment of tissue polarity, orchestrating signal transduction through a number of ligand-receptor combinations (reviewed in van Amerongen and Nusse [51] ). Mammalian gonad development is no exception, with Rspo1 and Wnt4 having been identified as crucial morphogens necessary for ovarian differentiation [13] [14] [15] [16] [17] [18] [19] . Here, we describe additional involvement of WNT signaling in mammalian sexual development, showing that Wnt5a is also an important morphogen during sexual development.
We have shown that Wnt5a is male-specifically upregulated shortly after sexual bifurcation of the gonads. Wnt5a mRNA localizes to the testis interstitium and is not restricted to any specific cell lineage, but rather is expressed in a dorsal-ventral gradient. The developmental stage corresponding to Wnt5a upregulation, 12.5 dpc, is after early testis specification by Sry/ Sox9 and at a time when the basic testis architecture has been laid down (reviewed in Wilhelm et al. [1] ). Therefore, Wnt5a is likely not involved in testis determination, but rather fetal testis differentiation.
As shown, loss of Wnt5a in the mouse causes early testis hypoplasia, but gross testicular architecture is maintained, including the development of distinct testis cords. However, the testis cords display abnormal morphology on sections, appearing much narrower than those in wild-type testes at the same developmental stages. With the observed reduction in germ cell numbers, it is likely that this cord phenotype is a direct result of germ cell loss, resembling cord morphology of germ cell-depleted W e /W e testes [49] ; that is, they appear narrower or collapsed without germ cells located in the cord lumen.
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Similarly, although sagittal sections occasionally displayed a larger interstitial space in Wnt5a À/À testes compared with wildtype, expression of somatic markers was quantitatively similar, with the exception of some elevated mRNA levels of Leydig cell marker Cyp11a1 at later developmental stages. This suggests that the ratio between the different somatic cell populations of the testis is maintained in the Wnt5a mutants. However, general testis hypoplasia was evidenced by a decreased rate of proliferation of the somatic cell lineages.
Fetal Leydig cells function primarily as androgen-producing cells necessary for masculinization of the XY embryo (reviewed in Griswold and Behringer [52] ). With the identification of Wnt5a expression in Leydig cells, additional insight into Leydig cell function is provided, highlighting the importance of noncanonical WNT signaling for normal testis differentiation. The fetal Leydig cells have also been postulated to have a direct impact on testis cord formation and germ cell survival. In both gain-of-function and loss-of-function mouse models for Notch signaling, which result in loss or increase in fetal Leydig cell numbers, respectively, germ cells were lost and testis cord development disrupted [53] . Additionally, lossof-function mice for Dhh (Desert hedgehog) and Pdgfra (Platelet-derived growth factor receptor alpha) also display disrupted testis cord formation with the loss of fetal Leydig cells [54] [55] [56] . In contrast to the present study, however, the phenotypes of the Notch, Dhh, and Pdgfra mutant mice were the result of either an increase or loss of Leydig cells; in the Wnt5a-null testis, Leydig cell numbers appear grossly normal, as do Sertoli cell numbers. Hence, fetal Leydig cell differentiation and maintenance are likely not dependent on WNT5A signal transduction itself.
Our observation that the Wnt5a mutant male mice fail to complete the first stage of testis descent corroborates findings by Warr et al. [30] . Interestingly, they report a similar phenotype in a compound mutant of Sfrp1 and Sfrp2, with abnormal localization of the testes resulting from a failure in gubernacular development. In both Sfrp1
À/À
Sprf2
À/À and Wnt5a À/À mice, testicular Insl3 expression appears normal, as does gubernacular expression of the ligand-receptor Rxfp2. Thus, a potential elevation of Insl3 expression at 16.5 dpc in our study could be secondary to the complex morphological changes occurring in Wnt5a-null mice. However, because no change in Insl3 expression was observed at 13.5 dpc, we surmise that Wnt5a acts either independently or downstream of Insl3 during this process. The latter option is perhaps the most likely, because ex vivo culture experiments on early postnatal rat gubernacula have shown that exogenous INSL3 can induce endogenous Wnt5a expression [57] .
In addition to Sfrp1
, loss of either Insl3 or Rxfp2 also leads to failed testicular descent [58] [59] [60] [61] . Similarly, ablation of Hoxa10 (Homeobox A10), Hoxa11 (Homeobox A11), and Vangl2 also results in similar cryptorchid phenotypes [30, [62] [63] [64] . Therefore, the regulation of gubernacular development and testicular descent is emerging as a complex process involving numerous regulatory genes acting through both independent and interdependent pathways. Ultimately, this complexity may help explain why cryptorchidism is among the most common developmental complications in newborn boys.
Wnt5a has been speculated to function synergistically with Wnt4 in the regulation of germ cell meiosis during ovarian development [65] . Primarily, it was observed that Wnt5a expression is upregulated from 12.5 dpc in Wnt4 À/À ovaries and that meiosis is more severely affected in Wnt4/Wnt5a double mutants than Wnt4 mutant alone [65] . Our data allow for an alternative interpretation, where Wnt5a is normally not involved in fetal ovary development. Instead, we propose that upregulation of Wnt5a reflects partial female-to-male sex reversal phenotype observed in Wnt4 À/À ovaries [16, 66] . This notion is further strengthened by the observation that ectopic Wnt5a expression in Wnt4 mutant ovaries closely mimics that of wild-type testis (Fig. 1B) , with mRNA signal observed to be strongest in the epithelium along the ventral side [65] .
Loss of germ cells occurs in both XY and XX Wnt5a À/À embryos. The reduction in germ cell numbers in Wnt5a-null gonads does not occur through increased apoptosis or decreased proliferation after they have colonized the gonads, but rather disrupted migration prior to gonad colonization. Also, with ectopic primordial germ cells present in the developing skin, the migratory defect in Wnt5a À/À mice differs from that observed in Cxcl12/Cxcr4 [67, 68] , Kitl/Kit [49, 69] , Foxc1 [11] , and Lhx1 [12] mutant mice. Finally, although Wnt5a mutant embryos have been reported to display abnormal gut morphogenesis [70] , it is unlikely that abnormal gut morphology is the primary cause of aberrant migration, because ectopic germ cells were also observed at other locations away from the gut mesentery.
An alternative explanation to the germ cell phenotype reported here is that WNT5A is a bona fide migratory cue for primordial germ cells along the hindgut endoderm. In turn, this would necessitate that the primordial germ cells express surface receptor(s) for WNT5A. One potential candidate is ROR2 (Receptor tyrosine kinase-like orphan receptor 2). In mice, Wnt5a and Ror2 loss-of-function phenotypes are grossly similar, and WNT5A has been identified as a ligand for ROR2 signal transduction [35, 71, 72] . Hence, we speculate that the ligand-receptor pair Wnt5a/Ror2 functions as a migration cue for primordial germ cells acting in parallel, but not redundantly, with several other factors, such as Kitl/Kit and Cxcl12/Cxcr4. However, further studies aimed at identifying germ cell-specific WNT5A receptors will be necessary.
In humans, WNT5A was recently linked to Robinow syndrome (OMIM 268310) [31] . Robinow syndrome is a rare genetic disorder characterized by a wide variety of phenotypes, including shortened limbs (dwarfism), craniofacial dysmorphology (''fetal face''), and genital hypoplasia [73, 74] . The pattern of inheritance can be both autosomal dominant (OMIM 180700) and autosomal recessive (OMIM 268310). The clinical signs of dominant and recessive Robinow syndrome largely overlap, but in general the clinical symptoms are often more severe in patients with dominant inheritance [38, 73, 75] .
ROR2 mutations are known to be causative of recessive Robinow syndrome [32, 33] , whereas the identified WNT5A missense mutations were from patients displaying dominant Robinow syndrome [31] . Both mutations led to decreased but not complete loss of WNT5A activity, and one mutation was found in all living affected members of the originally described Robinow syndrome family. Notably, WNT5A mutations were found in only a subset of a larger cohort of dominant Robinow syndrome patients. This could point to Robinow syndrome being a heterogeneous disorder, with mutations in additional factors involved in the WNT5A/ROR2 pathway potentially contributing to Robinow syndrome phenotypes. In addition, because dominant Robinow syndrome generally displays less severe phenotypes than recessive Robinow syndrome, and the identified WNT5A mutations were heterozygous and only result in reduced WNT5A activity [31] , it can be hypothesized that WNT5A function is dose dependent and that the severity of clinical manifestations is dependent on specific WNT5A mutations.
As mentioned, Robinow syndrome patients display a wide spectrum of phenotypes. With regard to sexual development, general hypoplasia of the reproductive organs and frequent Wnt5a IS NECESSARY FOR GERM CELL MIGRATION cryptorchidism in male Robinow syndrome patients match the phenotypes described for the Wnt5a-null mice (Minami et al. [37] , Mazzeu et al. [38] , and this study). We always observed bilateral cryptorchidism in Wnt5a À/À XY embryos, as well as testis hypoplasia caused by decreased proliferation of the somatic cell lineages.
Another recent report identified the planar cell polarity (PCP) pathway as a downstream component of WNT5A/ ROR2-mediated signal transduction in skeletal development [76] , adding further credence to the hypothesized role of WNT5A mutations in Robinow syndrome. Interestingly, the same study showed that mutations in the PCP gene Vangl2 can cause skeletal phenotypes mimicking those observed in brachydactyly syndrome B. In essence, the close correlation between Wnt5a, Ror2, and Vangl2 in the regulation of skeletal PCP points toward a possible relationship also in gubernacular development, because Wnt5a and Vangl2 mutant mice, as well as a significant proportion of ROR2-associated Robinow syndrome patients, display cryptorchidism.
With regard to germ cell biology, it is more difficult to ascertain a definite link between the Wnt5a-null mice and Robinow syndrome patients. Robinow syndrome is a very rare genetic disorder, and the available medical data are sparse, particularly in relation to reproduction and fertility. In short, pubertal onset appears normal and both male and female dominant Robinow syndrome patients have been reported to have had children. On the other hand, there are, to our knowledge, no reports of recessive Robinow syndrome male patients having reproduced (reviewed in Patton and Afzal [73] ). Importantly, knockin mice harboring a ROR2 W749X mutation have been shown to model adult recessive Robinow syndrome, and adult male mice display reduced fertility [77] . Adult testes from ROR2 W749X homozygous males were smaller than those of wild-type, a phenotype caused by focal degeneration of seminiferous tubules with reduced number of spermatogonia and lack of spermatocytes [77] . Therefore, it would be most valuable to assess the fertility status of various adult Robinow syndrome patients, which could also provide a possible link between ROR2 and fetal germ cell development.
In summary, this study describes three distinct sexual phenotypes in Wnt5a mutant mice: 1) disrupted primordial germ cell migration in both sexes, resulting in a reduced number reaching the genital ridges; 2) early testis hypoplasia; and 3) a failure to complete transabdominal testicular descent. Further studies will be required to fully delineate the specific WNT5A signal transduction pathways regulating the different morphogenic processes described here. This will also further our understanding of the role of dysregulation of these pathways in normal development and establish whether WNT5A mutations genuinely underlie specific phenotypes in Robinow syndrome.
